I. INTRODUCTION
This article is a result of a continuing collaborative effort designed to utilize a variety of characterization techniques to gain insight into the complex defect structure associated with TiN x thin films. The specific techniques used are x-ray diffraction (XRD) and positron annihilation spectroscopy (PAS). Two versions of the PAS technique have been employed: lifetime and Doppler PAS. The motivation for our use of a combination of XRD and PAS, as well as for our selection of the deposition parameter test matrix, was supplied by a series of recent investigations into the relationships between d~position parameters, defect structure and film properties. The results of these previous studies are summarized briefly below.
The external parameters available in industrial deposition technology cannot generally be varied such that, e.g., the degree of ionization can be changed without affecting the substrate temperature and hence the microstructure. From a purely practical point of view, however, the operating parameters can nevertheless be varied and the residual stress can be studied and optimized with due regard to other properties such as the microstructure. For economic reasons the deposition rate should be maintained as high as possible. For these reason we have selected deposition power and substrate bias as the two key processing variables in our study. We have also investigated the influence of film composition, as controlled by varying the nitrogen partial pressure, and film thickness.
Several XRD studies l -3 have indicated that the lattice condition of TiN films deposited onto carbide substrates can be divided into three classes depending on the deposition power and bias. Films grown at low target powers «8 kW) and high bias ( -100 V) are classified as type A. Type B films are grown at high power (>9 kW) and high bias (> -100 V). Type C films are deposited at high power (10 k W) and low bias « -80 V). The physical characteristics of the three film classes are described below. One of the principle goals of the present work is to investigate the applicability of this classification scheme to similar TiN films deposited onto stainless steel (SS) substrates.
The utility ofXRD for the study of defects in thin films is well established. The reason for using PAS, in addition to XRD, is that PAS responds (primarily) to the presence of point defects. Several studies have suggested that vacancies playa major role in determining the properties of TiN films. For example, the measured activation energy for the recovery of the (111) lattice parameter during annealing of type B films on carbide (2.09 eV)4-6 is similar to the most likely value for self diffusion (2.18 eV).7
The well known color ageing effect in the bulk of TiN also indicates the importance of vacancies. The most common model for color change, the ionic model, S-IO is based on electron transfer from Ti to N ions. A loss of vacancies on both sublattices, i.e., densification. causes the electron density in the material to increase with a corresponding shift in color to the red/yellow. The relevance of this phenomenon to the present study can be found in the differences in the effect of annealing on type A and B films on SS substrates. 11 Color was measured in the as-deposited condition and then again after a 1 h anneal at 900 ·C. After the anneal, the type A films (8 kW and -100 V) became slightly more red and yellow. The type B films (10 kW and -100 V), however, not only showed a massive shift to the red but continued to age somewhat after the tempering had been completed.
Further evidence for the presence of lattice defects (including vacancies) can be found in a recent structural analysis article l2 in which the Seeman-Bohlin XRD method was used to show that annealing resulted in a change in the point defect structure of type B TiN thin films.
From a practical point of view it is important to note that the type B films are typical of many films made at the high rates used for industrial applications. The more recent developments in physical vapor deposition systems, including cathodic arc and unbalanced magnetron sputter deposition, yield higher ion/atom ratios and thus result in increased energy absorption in the film. Therefore, these techniques should also yield films with characteristics closer to those of our type B films than either type A or type C films.
The high lattice parameters of the type B films, 11,13 which are associated with high residual stress, have curved lattice parameter versus sin 2 In contrast to type A and C films in which residual stress and microhardness increase with either deposition power or substrate bias, for type B films neither residual stress nor microhardness increase with either power or bias. 17 The strain distribution in the B films, however, does increase with bias or power. One explanation for this observation is that the increased energy input is being dissipated by the creation oflattice damage. If true, theri the mechanical properties such as wear resistance must suffer in spite of the constant microhardness value which is usually thought to be well correlated with wear resistance. In view of the above observations, we believe that the combination ofXRD and PAS, applied to our specific deposition parameter test matrix, can shed new light on the complex defect structure in TiN films. Comp rComposition as given by TiN,. All compositions determined by EMPA except for set IV for which the compositions were determined by AES.
• Sample classification using the AlBIC scheme described in the text.
II. SAMPLE PREPARATION
The deposition parameters investigated include, deposition power, substrate bias, film thickness, and substrate condition. The compositions of the films were varied by changing the nitrogen partial pressure during deposition. A total of 35 TiN x thin films were analyzed in this study. The details of the deposition procedure have been described previously.18 Table I summarizes the deposition parameters for each of these films.
The present study uses samples which were made within the three ranges of deposition conditions because these result in the three states oflattice disorder as described in the Introduction section to this paper. The present deposition conditions were chosen in accordance with the previous work 2 ,3,14 where these lattice states were discovered. The last column in Table I gives the film classification (A, B, or C) based on the bias voltage and deposition power.
The films have been grouped into six sets. All of the films in any single set were grown within a day or two of each other, however, the total time span between the deposition of the first and last set of films was several years. Some of the characteristics of the films in sets I and II have been reported previously,I,II,I3,I9,2o The films in sets III-VI were fabricated specifically for the present study. Some of the films were annealed at 900·C for one hour after they had been characterized by XRD and PAS. These films were then reexamined to investigate the influence of annealing on the defect structure.
III. DEFECT CHARACTERIZATION TECHNIQUES

A. X-ray diffraction
The XRD data reported in this work were obtained using the same procedure as in previous studies l ,lI,I3,I9,2o and as described in detail in a recent article. 3 Briefly, Bragg-Brentano scans were made using copper Ka radiation, This arrangement allows the measurement in different grains of the lattice parameter of the planes {hkl} which lie parallel to the sample surface, As discussed in Ref, 3 ,the lattice parameters quoted in this article have an estimated accuracy of 0.0005 nm for any single measurement.
Using the same measurement technique the growth texture can be determined from the relative intensity of the diffraction peaks (peak height). In addition, the residual stress on individual families of lattice planes can be measured by rotating the sample relative to the incident beam. It is also possible to determine the lattice strain distribution in the sample from the width of the diffraction peaks, but this has not been done here.
B. Positron annihilation spectroscopy
In the present work two variations of PAS technique have been used to investigate defect structures as a function of the deposition parameters in TiN x thin films. The details of the instrumentation and the theoretical basis for the utility of the Doppler,20 and lifetime,19,21 PAS experimental techniques have been described previously.
The Doppler PAS results are interpreted using the S pa- rameter. 22 In general, an increase in S corresponds to an increase in the defect concentration within the specimen.
For thin films (t < 100 f.lm) the substrate contribution to the measured S parameter must be taken into account by using the following formula:
where Sc' Sf' and Ss are the S parameters in the composite, film, and substrate, respectively, andjj-andls are the fraction of positrons annihilating in the film and substrate. The Ss values were obtained with the sample pairs in a back-toback orientation and are characteristic of the metallurgical condition of the substrates. The Sc values were obtained in the front-to-front orientation and reflect the characteristics of the thin film/substrate composite. After obtaining the value ofjj-from a calculation based on the measured film thickness, Sf can be obtained from Eq.
(1).
The calculated value of the Sf for the film is assumed to be a linear combination of the bulk value (Sb) and the values in the various trapping states (Si) weighted by the fraction of positrons annihilating from each state (J;). That is, (2) where the summation is carried out over all of the types of positron traps (defects) in the film. In this work we have assumed for the sake of simplicity that there is only a single dominant positron trap (i = 1) and that both Sb and SI are constant. Under these assumptions, changes in Sf are correlated with changes in the defect density as reflected by changes in the fraction of positrons annihilating in the trap (i.e., ll.Sfa::ll.f.. a:: defect density).
Lifetime PAS results are interpreted by fitting the raw data using an equation of the form
where Ii and 1'; are known, respectively, as the measured intensities and lifetimes. The relationship between these parameters and the defect types and densities within the specimen depends on the trapping model used to interpret the data. In general, changes in the lifetime values correspond to changes in defect type while changes in the intensities reflect changes in the defect density. A useful quantity for comparison with S parameter data is the mean lifetime given by 1'= 1'111 + 1'212' (4) In general, an increase in the defect density will result in an increased value of both l' and S.
IV. RESULTS AND DISCUSSION
The XRD and PAS data for all of the samples are listed in Tables II and III , respectively. In the first part of this section the influence ofthe principle deposition parameters (power, bias, and N partial pressure) on each of the measured parameters (XRD lattice parameter, XRD texture coefficient, P AS Doppler S parameter, and the PAS lifetime parameters) will be summarized and discussed. Next, the correlations among the measured parameters will be presented and interpreted, Finally, a discussion of the similarities and dif- ferences between the defect structures in the sub-and superstoichiometric films will be presented.
A. Lattice parameters
The lattice parameters derived from the (111), (200), and (220) diffraction peaks are shown in Figs. l(a)-l(c). All of the data show the strong positive deviations which are characteristic of films made by PVD methods and reflect the high compressive residual stresses found in such films. The lattice parameters taken from different peaks in a given sample are generally different. As TiN is elastically isotropic,23 this means that the stress field is not uniform and that the lattice is not only expanded but is distorted also. The complex relationship between the magnitude of the lattice parameters and the composition underlines the difficulty in deriving the composition of a film from lattice parameter data alone. The measured lattice parameters are now considered to confirm that the three lattice conditions previously observed for TiN on cemented carbide substrates,2,3,14 are also existent in the present series of samples on SS substrates. Thus, the range of deposition power and substrate bias over which each type oflattice condition exists appears not to be significantly influenced by the substrate material.
To summarize the earlier work, the film compositions were in the range N:Ti 0.8-0.9 and the films were all nearly randomly oriented. The three types of behavior (A, B, C) were distinguished in terms of the lattice parameter, residual stress, and strain distributions found on different planes. All of the previous samples showed the so-called 'I' splitting of the SSPP measured on the (220) diffraction peaks when • Annealing conditions were 900 'C for one hour.
b All lifetimes are in psec. C All intensities are in percent.
studied in terms of residual stress. This is generally believed to imply the presence of shear stresses on that family of planes.
ues were apparently independent of the deposition conditions.
The lattice parameters of the type C films were found to increase smoothly with the substrate bias voltage following the usual "S-shaped" curve. 2 4-28 The differences between the lattice parameters from the different peaks were very small. The lattice parameters oftype A films increase nearly linearly with the target power but the differences between the parameters from the different planes were greater than in type C films with the sequence a(220) >a (200) Turning now to the present sample series it is seen that the windows for the deposition conditions-(7-8 kW / -100 V), (10 kW/-100 V), (10 kW/-60 V)-have been deliberately selected to correspond to those used in the previous work. The question is will the new films on stainless substrates exhibit properties that obey the same classification scheme. The behavior of the lattice parameters of the present samples can be compared with that of the previous samples by referring to Figs. 1 (a )-1 (c) . Taking them in the most convenient sequence, the present type C samples show only small differences in the lattice parameter values of the different planes and which average about 0.4255 nm as be- fore. 2 .
•
14 Here a specific effect of the N:Ti ratio can be seen with the (111) lattice parameter increasing, the (200) decreasing, and the (220) apparently remaining constant as the N :Ti ratio increases. There is very little scatter in the data among the samples.
There is only a relatively limited number of type A films. These show that stoichiometry has little effect on the lattice parameters themselves but that there is much more scatter in the results from a specific plane in different films than in the type C results. The average lattice parameter is 0.4262 nm which is greater than in the type C films. It can be seen that the lattice parameters from the (200) and (220) planes are all greater than the values recorded for type C films whereas the ( 111) lattice parameter data all lie within the same band as those of the C films. It is germane to note that the lattice parameters at the composition N:Ti of 0.8-0.9 do indicate the sequence a(220) > a(2oo) > a( 111) as found in that composition range in the previous work on the cemented carbide substrates.
The type B films have lattice parameters that are very much larger than the type A and C films; the exception is that the type B (200) lattice parameters are similar to those of the type A films. In contrast to the other films types the B films have extremely high (220) lattice parameters. There is considerable scatter between the different type B samples indicating that the exact lattice condition is not reproducible under a given set of deposition conditions but is subject to a significant statistical variation. Although the trends among the type B films are not well defined the characteristics of these films are clearly different from those of type A or C films.
It is concluded that the present samples do indeed correspond to the A-B-C classification scheme previously established. It appears from the data given in Figs. 1 (a )-1 (c) that the lattice parameters of the type C films are sensitive to composition. The effect of composition appears to be overshadowed in the other two film types by lattice damage occurring during the deposition process.
B. Texture coefficients
The texture coefficients are given in Figs. 2(a)-2(c) . In contrast to the lattice parameter data, the texture coefficients appear to be less strongly influenced by the deposition conditions. There is, however, a significant correlation between the film composition and its texture. This is important because it has been shown that the growth texture at a given composition affects the details of the lattice condition. 29 In the present work, substoichiometric films are generally (200) textured with an occasional strong (111) component. This is in fair agreement with the work of other groups27.28.30-32 where a (111) growth texture is the general rule. As the nitrogen content in the films is raised and the films become superstoichiometric, a very strong (200) texture is found. This trend was observed in an earlier study. 6 The effect of film thickness on type C films is shown in Fig.  2(d C. Doppler PAS S parameters Figure 3 shows the variation in the magnitUde of the Dopplt:r PAS S parameter as a function of film composition and deposition conditions. For the substoichiometric films the high bias/high power (type B films) show the highest values of S indicating that they contain the highest concentration of positron traps (i.e., defects). The decrease in the magnitude of S, for films of similar composition deposited under different conditions, is more substantial as a result of a reduction in power (type A) than for a reduction in bias (type C). The observation that the power effect is more substantial than the bias effect is directly opposite to that measured by the (220) lattice parameter data and indicates that the two techniques are responding to different types of defects.
Figure4(a) shows the variation in Swith composition for the type A films. The four -2 /-lm films show a local minimum in S near stoichiometry20 while the single type A film of thickness greater than 4/-lm shows a substantially higher value of S. There are several possible explanations for the unique behavior of the thicker film. First, it may be that thicker films have higher defect concentrations, and hence higher S values than thinner films of similar composition. Alternatively, the shift in the S parameters as a function of film thickness may be due to a systematic error in the calculated values of the fraction of positrons annihilating in the films [i.e., the quantity if in Eq. (1)]. Such an error would not be apparent within a group of films of similar thickness. It should be noted that the 4 f.Lm film was also the only one deposited onto an annealed substrate, but it seems unlikely that the increase in S is a result of substrate annealing. AI- The behavior of the type B films is shown in Fig. 4(b) . There is a substantial decrease in the S parameter with an increase in nitrogen concentration in the near stoichiometric region. In contrast to the type A films, this drop continues past stoichiometry such that the N-rich films display the lowest S parameters. While this trend has been reported previously20 it is important to note the supporting evidence obtained in this work (specifically the value for sample 19). The continued drop in S past stoichiometry may indicate that the dominant defects in the superstoichiometric type B films are fundamentally different from those in all of the substoichiometric films as well as those in the superstoichiometric type A and C films. Some of the possible defect structures that could result in this behavior are discussed later in the article. There is no obvious correlation of S with either thickness or substrate condition for the type B films.
Figure 4(c) shows the variation in S with composition and film thickness for the type C films. Both the ~ 2 J..Lm and the ~ 5 J..Lm films display a local minimum in S near stoichiometry although the minimum is shifted to lower nitrogen concentrations for the thinner films. The limited amount of data precludes any definite conclusions but it appears that at least in the substoichiometric region the thicker films have the higher S values and, therefore, the higher defect concentrations (assuming the calculated values offt are reasonable). We note that all ofthe type C films were deposited onto annealed substrates. Additional data for similar type C films deposited onto unannealed substrates is required before we can comment on the influence of a substrate anneal prior to film deposition. Figure 5 shows the changes in PAS S parameter resulting from the annealing treatment for selected type A and B films. For all of the type B films other than the superstoichiometric film the annealing treatment results in a reduction in the S parameter. This is consistent with a reduction in point . defect density after annealing. That is, annealing results in a reduction in the positron trap concentration through vacancy annihilation at sinks, such as grain boundaries or surfaces, or through recombination with interstitials. In contrast, the N-rich film shows an increase in S with heat treatment. Two possible explanations for this observation will be presented in a later subsection of the article.
The annealing behavior for the type A films is also complex. In some cases S increases with the anneal while in other cases it decreases. The difficulty is that there is no obvious correlation with composition. This mixed response has been discussed in a previous publication 20 and we believe that it is related to possible errors associated with the use of Eq. (1) for thin films ( <2 J..Lm) that have been annealed. In any case, the magnitude of the changes in S with annealing for the type A films is less dramatic, possibly reflecting their lower asdeposited defect concentration. 
D. Lifetime PAS parameters
Lifetime PAS was performed on all of the films with thicknesses greater than 4 pm, i.e., films in sets I, III, and V. The films in set I were also analyzed after the annealing treatment. Figure 6 shows the calculated mean lifetime ( r m ) values for all of these samples. As mentioned in Sec. III, increases in r m generally indicate an increase in the concentration (or less often an increase in the size) of the defects capable of trapping positrons. Under this assumption the data in Fig. 6 show that the as-deposited type B films contain higher defect concentrations than the type C films deposited at lower bias. The figure also shows a decrease in r m resulting from the annealing procedure. Both of these observations are consistent with the results of the other characterization techniques used in this study.
The variation of r m with composition, however, requires further discussion. The set I (type B) films, in both the as deposited and annealed condition, and the type C as deposited films show an increase in 7 m near stoichiometry. Using the simplified arguments presented above, this would suggest that the near stoichiometric films have the highest defect density. This suggestion is contrary to the tentative conclusion reached from the S parameter data. The issue is further complicated by noting that the set III (type B) films and the lone set V (type B) film, all of which have near stoichiometric compositions, display lower r m values than the set I films. In order to explain this apparent inconsistency between the S data and the r m data,· one must consider the inherent assumptions associated with the statement that an increase in defect concentration will result in an increase in both S and 7 m' These assumptions include: the positron lifetime in the defect is longer than that in the bulk, the S parameter in the defect is higher than that in the bulk, and the positron trapping behavior is adequately described by the simple trapping model.
The validity of the latter assumption can be investigated by calculating the bulk lifetime from the raw lifetime data using the following formula:
( l i r bu1k ) = (11ir 1 ) + (12/72)' (5) The bulk lifetime should be independent of defect concentration and, therefore, independent of film composition and classification. The data in Fig. 7 shows that while 1'bulk is relatively constant for the annealed type B and the as deposited type C films, it varies significantly with composition for the as deposited type B films. While a slight variation in 1'bulk can be explained based on differences in the lattice parameter of the films, the magnitude of the variation for the type B as deposited films is far too large to be dismissed. This obser- vation suggests that for these films the validity of using the simple trapping model (STM) may be in question. Figure 8 shows the changes in the intensity of the defect lifetime (/2 ) with composition. Under the assumption that 12 is directly correlated with the concentration of the dominant defect, this data supports the idea that the as deposited type C films have a lower defect concentration than their type B counterparts. The data also indicate the reduction in the defect concentration of the type B films that occurs as a result of annealing. While the magnitude of 12 is relatively insensitive to composition for the annealed type B and the type C films, the as deposited type B films show a local minimum in 12 (defect concentration) in the near stoichiometric composition range. This observation is consistent with the S parameter data. Figure 9 shows the changes in the defect lifetime (1"2) with composition and film classification. In contrast to 1 2 , 1"2 is independent of defect concentration but gives an indication of the electron density in the vicinity of the positron trap. Therefore, the magnitude of 1"2 serves to indicate the nature of, and in some cases identify, the positron trap. Typically, an increase in 1"2 is associated with an increase in the free volume associated with a specific defect. That is, a monovacancy would be expected to exhibit a shorter lifetime value than a higher order vacancy complex. Under this assump-... tion, the increase in 1"2 that occurs upon annealing suggests the possibility of vacancy clustering. This argument is supported by the concomitant decrease in 12 with annealing. The more interesting result is that the as deposited defects in the low bias type C films appear to be "larger" than those in the type B films.
E. Correlations among experimental parameters
The search for a correlation between the PAS and XRD data yields an interesting result-no obvious correlations exist. This can be seen most easily from a comparison of the Sparameter data for the type B films with the corresponding lattice parameter and texture data as shown in Figs. 10 and 11. (The lack of correlation is more easily seen from the B data since these films are affected least by changes in composition, bias and power. 2.3.17 ) Our interpretation of this observation is as follows. Vacancies are formed in the individual grains in the growing film independently of the growth texture of those grains. Further, the contributions of the vacancies to the lattice parameters are either negligible or are totally overshadowed by the effect of the compressive residual stress. Support for this argument comes from the known dependence of lattice parameters on composition in equilibrium films [ Fig. 1 (a) ], where vacancies on the N sublattice in substoichiometric films do not have much effect. This is seen again in the lattice parameters measured in compressively stressed films made by PVD as described in Ref. II. The lack of any obvious direct correlation between the PAS and XRD data strongly suggest that the two techniques are either sensitive to different types of defects or, as is more likely, their relative sensitivity to specific defect types differs.
An analysis ofthe Doppler and lifetime PAS data reveals a few unexpected results. Most notable, as mentioned above, is a surprising lack of correlation between the Doppler PAS parameters S and the mean lifetime 1" m' We offer two tentative explanations for this observation. First, the assumption that Sand 1" m should be directly correlated is based on the idea that a positron trap has both a lower electron density and a lower average electron momentum than the bulk regions of the crystal. We suggest that the partially ionic nature of TiN may result in the formation of charged defect states for which the relationship between electron density and average electron momentum is more complex. While we can not offer any theoretical support for this suggestion at this time, we note that a similar effect (S and 1" m moving in opposite directions) has been observed in the ionic compound ZnO. 33 Second, the simplified prediction that 1" m should increase with an increase in the defect concentration assumes that the bulk lifetime remains essentially constant. As shown in Fig. 7 , the bulk lifetime is not constant for the type B films. We note that there is better agreement between Sand 12 than between Sand 1" m' Perhaps this implies that for the type B films 12 is better correlated with the overall "defectiveness" of the films than 1" m' J. Yac. Sci. Techno!. A, Yol. 10, No.1, Jan/Feb 1992 F. Defect structures in sub-and super-stoichiometric films For the substoichiometric films the results of the present investigation support those of previous studies. Specifically, the observations are consistent with the view advanced previously that the most dominant trap for positrons in these films is likely to be vacancies on the nitrogen sublattice; qualitative information can be obtained regarding both the fraction of vacancies present and the relative sizes of small vacancy clusters. The results of the PAS study show that the fraction of vacancies is generally reduced significantly and the average size of vacancy clusters increases as a result of an annealing treatment. The present results confirm that differences from their equilibrium values recorded in the lattice parameters are dominated by the residual stress and are not affected (measurably) by the presence of lattice vacancies. A new result found in the present study is that the fraction of vacancies trapped in a grain during growth is independent of the growth direction (orientation).
The situation for the superstoichiometric films is more complex. Before proceeding with an investigation of some of the possible superstoichiometric defect structures it is appropriate to summarize what is known from this and other studies. First, XRD shows a steady smooth increase in lattice parameter with composition right through the stoichiometric point (stoi-point). II In addition, the reflectance of the type B films varies smoothly through the stoi-point. II As the latter property depends on both the N:Ti ratio and the vacancy concentration, it can be inferred that vacancy substructure of the films also varies smoothly through the stoipoint. Note that based on the lack of correlation between the XRD and PAS results described above this conclusion could not have been reached without the aid of the reflectivity data. It is also known that in super-stoichiometric films, the excess nitrogen can form gas bubbles which are nucleated on lattice defects. Although bubble formation is certainly a viable mechanism, we believe there are other competing mechanisms that may be favored in some local regions of the lattice. Several of these potential defect mechanism are described below.
(i) It is well known that the equilibrium lattice parameter falls again as the composition goes through the stoichiometric point (the maximum is just below the stoichiometric composition) .11 This is usually attributed to lattice contraction associated with vacancies on the Ti sublattice. Perhaps the Ti vacancies are the only, or dominant, defect in the superstoichiometric films. It is difficult to accept that this model applies to the films investigated in this work since the deviations ofthe measured lattice parameters from the equilibrium values are far too great to be attributed to residual compressive stresses alone. Thus, although some of the PAS data is consistent with this model (in particular the S data for the type A and C films), we believe that the defect structure is more complex.
(ii) The second alternative is interstitial nitrogen built into the lattice of the N-rich films. Previous theoretical work 34 ,35 suggests that there would be a discontinuity in the change in the lattice parameter with composition at the stoipoint and that the lattice parameter would increase rapidly for the superstoichiometric films. Since these predictions are not supported by the XRD data, we believe that nitrogen interstitials are not the dominant defect in our superstoichiometric samples. We note that nitrogen interstitials would not be effective positron traps. Thus, the PAS parameters should remain relatively constant under this scenario.
(iii) The next possibility is that the excess nitrogen resides primarily on the Ti sublattice. This would result in a reduction in the number of Ti vacancies with respect to the stoichiometric vacancy concentration and could explain the continued decrease in the S parameter with increasing nitrogen content for the type B films. This model can also explain the increase in the S parameter that occurs upon annealing these type B films. If the antisite defects are not thermodynamically stable, then the present data can be explained using the following defect reaction: (6) If the number of vacancies created by this reaction outweighs the number lost to sinks during the anneal, then the result would be an increase in the positron trap concentration and a corresponding increase in S.
There are, however, a few difficulties associated with this simplified view. Most notable, is the question as to why the PAS S parameter decreases for superstoichiometric type B films but increases for both type A and type C films. We tentatively suggest that if the formation of this antisite defect has a high enough activation energy then perhaps these defects are only formed in significant numbers in the most heavily damaged type B films.
(iv) The fourth scenario, based on an idea proposed by Manory and Kimmel,35 assumes that under certain conditions the crystal structure of TiN x can be converted locally from its normal NaCI structure to a CaF2 structure by moving the nitrogen atoms from their octahedral positions to the tetrahedral positions within the fcc Ti sublattice and supplying additional nitrogen atoms to fill the remaining tetrahedral positions. Since the CaF2 structure contains twice as many nitrogen atoms, such a structure could be favored in the superstoichiometric films. Previous XRD studies have provided limited evidence to support this model. 6 ,36,37 The important question in this study is to understand how positrons will respond to this structural change. Under the assumption that positrons are relatively insensitive to interstitial defects and that the negatively charged Ti vacancies are more efficient positron traps than the N vacancies, we can address this question by investigating the expected change in the concentration of Ti vacancies that occurs as a result of the structural change. For a given composition composed ofa mixture of the NaCI and CaF2 phases, as the relative amount of the CaF 2 phase increases the concentration of Ti vacancies will decrease. Thus, an increase in the relative amount of the CaF2 phase could result in a decrease in the S parameter.
This argument can be used to explain the decrease in the S parameter of the superstoichiometric type B films. As before, the question remains as to why the S parameter increases for both type A and type C films as the relative nitrogen concentration increases above stoichiometry. Using an argument similar to that developed in the previous defect scenario, the unique behavior of the type B films can be explained if the formation of the CaF 2 phase has a high activation energy and, therefore, can only be formed in significant amounts in the heavily damaged type B films.
(v) The fifth and final defect scenario is based on the observation ofa Zr3 N4 and Hf3 N4 phase in certain PVD films. It is thought that this phase contains an ordered array of vacancies on the metal sublattice which may be stabilized by trapped argon. If a similar metastable Ti3 N4 phase could be obtained locally in superstoichiometric TiN films then this defect scenario could be envisioned as a combination of those in scenarios (i) and (iv) above.
Additional XRD and PAS experiments are required to determine the accuracy of the models discussed above. At first sight it might appear that XRD may not be very helpful since the lattice parameter data are dominated by residual stress. In principle, however, we should be able to use peak intensity since it reflects the nature of the atoms in the planes contribution to the peak. For example, as discussed by Manory and Kimmel,36 the local change from the NaCI structure to the CaF 2 structure will be accompanied by an increase in the intensity of the (220) diffraction peak.
Although we have observed the predicted increase in peak height, we are unable to distinguish the contributions from crystal structure changes from those associated with changes in growth texture. The strong texture of most real PVD TiN films amplifies this difficulty. It is interesting to note that many previous studies of superstoichiometric TiN films have detected an increase in the (220) peak height and the majority of the studies have assumed it to be a result of a change in growth texture. One solution to XRD texture problem may be to use an integral 'XRD system, such as the Dosophatex system,38,39 capable of removing the texture effect from the data.
v. CONCLUSIONS TiN x (0.5 <x< 1.2) thin films, grown on stainless steel substrates via reactive sputtering, have been studied using positron annihilation spectroscopy and x-ray diffraction techniques. The deposition parameters investigated include nitrogen partial pressure, deposition power, substrate bias, film thickness, and substrate condition.
Several of our XRD studies \-3 have indicated that the lattice condition of TiN films deposited onto carbide substrates can be divided into three classes depending on the deposition power and bias (certainly other processing variables are also varied but power and bias are the experimentally controlled parameters). Films grown at low target powers (<;8 kW) and high bias ( -100 V) are classified as type A. Type B films are grown at high power (;;,,9 kW) and high bias (:;;. -100 V). Type C films are deposited at high power (10 k W) and low bias (<; -80 V). This work has demonstrated that this classification scheme can be extended to TiN films deposited onto stainless steel substrates. The XRD data is dominated by the effects of residual stress so that these measurements are apparently insensitive to changes in the vacancy concentration. When viewed with the supporting PAS data, however, the XRD data shows that the fraction of va-cancies trapped in a grain during growth is independent of the growth direction (orientation).
Turning to the PAS data, for the substoichiometric films the high bias/high power (type B films) show the highest values of S indicating that they contain the highest concentration of positron traps. All three types of substoichiometric films tend to show a decrease in their S parameters as the N :Ti ratio approaches 1. The situation for the superstoichiometric films is more complex. The S parameters for the type A and C films increase as the N:Ti ratio continues above La, while the S values for the class B films decrease as the nitrogen content increases past stoichiometry.
In almost all cases annealing the as-deposited films at 900 °C for one hour results in a reduction in the S parameter (the exceptions are the superstoichiometric class B films). This is consistent with a reduction in the positron trap concentration through vacancy annihilation at sinks, such as grain boundaries or surfaces, or through recombination with interstitials.
The unique behavior of the superstoichiometric type B films suggests that their defect structure may be significantly different from the other films. Two defect scenarios, which we believe are consistent with both the XRD and PAS data, have been tentatively proposed. The first is related to the formation of antisite defects (N atoms on the Ti sub lattice ), and the second involves the local conversion of the crystal structure of TiN from the NaCI structure to the CaF 2 structure. In both cases it is proposed that the high activation energy required to form the defect structure precludes its formation in any but the most heavily damaged type B films.
